This paper presents a planning and scheduling approach developed by the authors for a multiple products single machine production system based on a glass-containers manufacturing company (bottles and jars). The formulation of the planning and control problem retlects the basic characteristks, descnDed below, of this company. Although the characteristks are typical for many firms in process industries, the current literature in scheduling and production planning and control does not address this full set of characteristics.
The manufacturing company's capacity consists of a set of production lines, each producing a specific set of products. Since the interchangeability of products between the lines is limited, intermediate storage is not possible, and the manufacturing time is short, we consider each of the lines as a single machine. Only one product can be produced at a time in a machine. To change production from one product to another, the molds have to be changed and additional set-up activities have to be performed on the glass forming machines. These activities consume a considerable amount of time. We assume that the set-up times are sequence independent.
Production is continuous ("round-the-clock"), and the production lines cannot be stopped. , The glass furnace has to remain on temperature and has to produce glass to keep the process under controL During product change-overs, the liquid glass is led along the glass forming machine and returned into the furnace.
The demand level is very high, meaning that not all demand can be satisfied from production. Note that some of the available capacity needs to be used for set-up. This leads to a very high level of utilization. The demand is assumed to be stationary and stochastic. Backordering is not allowed; if any customer order caDDot be delivered from stock then the order is lost. Furthermore, differences exist between the various products in terms of contnbution margin, inventory cost, and set-up cost. Strategic considerations force the firm to achieve and maintain some minimum level of service (in terms of 6ll rate) for each product. Likewise, stiff competition limits the firm's ability to increase the price of low margin products. Thus, the production planning and control problem can be stated as follows: Maximize profit subject to service level requirements and capacity constraints.
In this paper, we present a two-level planning and control hierarchy for this type of problem. At the top level of the hierarchy, the focus is on medium-term capacity coordination. It specifies which products to produce for how long (in what quantity). This specification is in line with the company's long-term objectives, in terms of profit maximization and achieving individual products' service levels. The bottom level focuses on short-term operational scheduling and control so as to achieve the medium-term targets sei at the top level. The performance of the approach is evaluated in terms of relevant total profit and individual products' service levels.
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In the next section, we briefly review the academic literature relevant to the problem outlined above. In Section 3, we present a two-Ievel hierarchical model and a formulation of the top level planning problem. Section 4 presents a heuristic for the top level of the model Section 5 describes the results of simulation experiments conducted to test the performance of the model Fmally, we discuss the hierarchical methodology in the model based on SchneeweiB' framework (1993) and present our conclusions.
Uterature Review
The problem of lot-sizing and scheduling on a single machine has been addressed by many authors in the management science literature. Although much of the previous work focuses on restricted or different versions of the problem descnbed above, we will briefly review this body of work due to its relation to the problem examined in this paper.
The most common version of the problem is the Economic lDt Scheduling Problem (ELSP). Elmaghraby (1978) presents a review of the ELSP and summarizes the basic characteristics of the problem as: deterministic demand rate, fixed production rate (and larger than the demand rate), sequence-independent set-up times and costs, and the exclusion of backlogging demand. The objective is to find a cyclical production schedule such that the sum of set-up costs and inventory holding costs is minimized. Elmaghraby discusses two kinds of approaches to solve the problem: those that are cycle-based and those that are nol Cycle time is then defined as the amount of time between the start of two consecutive production runs of the same product. Bomberger (1966) presented the basic period concept where individual product cycle times are an integer multiple of a basic period or fundamental cycle time. This is a necessary -though not sufficient -condition for a feasible schedule. Bomberger's procedure has been improved significantly by Doll and Wbybark (1973) . They provide an iterative procedure to determine the cycle times. This work was further developed by Haessler (1979) and Park and Yun (1984) . Dobson (1987) further elaborates on this work by proposing an approach where the cycle times are fixed but the lot sizes can be varied over time.
The majority of the published research on lot-sizing and scheduling has focused on deterministic problems. Motivated by the lack of effort on the multiple product single machine scheduling problem with uncertain demand, Vergin and Lee (1978) investigate the use of deterministic models in a stochastic environment. They conclude that the cyclical schedules produced by the deterministic models are of little value in a stochastic environment. They surmise that dynamic scheduling rules which take the current inventory position into account should be used when demand is stochastic. Leachman and Gascon (1988) continue thi line of work --studying the problem of lot-sizing and scheduling under stochastic demands. They show -in accordance with Vergin and Lee -that the traditional approaches aimed at deterministic demand situations do not lead to satisfactory results in stochastic situations. Consequently, Leachman and Gascon present a heuristic for situations with a stochastic demand. Their heuristic is a period-based heuristic which attempts, in each review period, to achieve a target cycle time. This target cycle time is calculated based on an economic manufacturing quantity (using an extension of Don and Whybark (l973)'s procedure). If this target cycle time does not lead to a feasible schedule in the short term (i.e., one or more products run out of stock), then the cycle time is decreased. In this way, production runs can be started earlier than indicated by the target cycle time to increase the (short-term) service level The total decrease of the operational cycle time is limited by the so-called minimum run-length. The length of a production run can never be shorter than this minimum run-length. One of the essential characteristics of the environment in which the performance of the heuristic is tested is that overtime is aI10wed (no round-the-clock production). In a later paper Gascon et aL (1992) investigate the heuristic in a production system without any overtime opportunity. The results of these tests indicate that the heuristic performs good if the demand levels are not extremely high. In all cases investigated, their heuristic performs better than some traditional ELSP heuristics (independent EMQ, a Doll and Whybark based policy (Doll and Whybark 1973) , and a Vergin and Lee based policy (Vergin and Lee 1978». Gallego (1990) presents a real time scheduling tool for a single machine system producing multiple products facing random demands. He, like us, assumes that the setup times are not sequence dependent. However, unlike us, he permits backorders. In his three step approach, first a (near) optimal target cyclic schedule is computed using constant expected demand rates. Next, a recovery policy is formulated to return to the target schedule after a disruption of the schedule or the planned inventories occurs. Fmally, in the third step, appropriate safety levels are defined so as to minimize the long run average cost.
Virtually all published approaches assume that the product demand rates are such that essentially all demand can be satisfied (i.e., the cumulative (total, aggregate) rate of demand is substantially less than the aggregate production rate). However, as descn"bed in the previous section, many companies face a cumulative demand rate equal to or greater than the production rate. Therefore we expect that none of the published approaches can be used for the problem addressed in this paper. Fransoo (1992) investigated the case where demand rate exceeds the production rate and compared the behavior (performance) of a variable cycle time policy (e.g., Leachman and Gascon (1988» and a fixed cycle time policy. His results indicate that when the cumulative demand rate is close to or exceeds the production rate a fixed cycle time policy. in which the cycle times are not allowed to change in the short term, is superior to a variable cycle time policy.
The research presented in this paper represents a three-fold extension of the published literature on the stochastic lot-sizing and scheduling problem. Specifically, this study extends the scope of the stochastic lot-sizing and scheduling problem in the fonowing ways.
(a)
We explicitly include the differences in contnl>ution margin and cost structure as part of the production planning and control problem and focus on long run profit maximization unlike the existing literature, which largely focuses on cost minimization.
(b)
Since the aggregate demand rate is high compared to production rate, achieving high level of utilization is extremely important for maximizing profit. Hence, the production system considered in this study operates at a considerably higher level or utilization than that in the published research. Since we assume a lost-salet model of demand, this utilization rate refers to the ratio of customer demand (as opposed to accepted demand) and production capacity.
(c)
The control aspect is much more dominant in our problem than it is in the published research. The proposed approach strives to keep the system balanced and stable. It primarily feeds forward to meet the target cycle times instead of using feedback control (cl. Gallego 1990) . As Bourland (1994) states, a stable system is also important if the single machine is part of a larger production system, where the machine's output is used in other production steps.
A Two-level HIerarchical Model
We propose a two-level hierarchical model for solving the problem descnl>ed earlier in Section 1. Our approach adopts two aspects from previous studies. FIrSt, our model consists of a two-tiered hierarchy with a structure similar to the two-step approach found in Leachman and Gascon (1988) . Second, we deploy the procedure by Don and Wbybark (1973) in our heuristic to determine the target cycle times at the top level. (See Section 4.) For clarifying the basic idea of the approach, consider a firm manufacturing three products (A, B, and C) on a single machine. H demand is constant, the inventory position will approximate the pattern shown in Figure 1 , where the horizontal axis is the time axis and the vertical axis represents the inventory quantity. Set-ups are represented by the black rectangles on the horizontal axis.
Suppose the demand rate for product A temporarily increases. H the production department reacts by advancing the start of the next production run of product A, then the cycle time of A reduces, and the production run of product C cannot be completed as planned (see Regular inventory pattem with constant demand rate Figure 2 ). This is caused by the fact that the set-up for product A has to be performed earlier than planned (the white rectangle in Figure 2) . Inventory pattem if demand exceeds the cycle time capability
All else remaining the same, in the next cycle, product C will run out of stock earlier than planned, since the run length of product C was shortened. 'Ibis would cause a similar reaction, i.e., reducing the run length of product B to advance the start of the next production run of product C. Ultimately, a chain reaction sets in and as a result of the incidental spike in the demand rate for product A and the shop reaction to shorten the run length of product C, the cycle times of all products are reduced. The reduction in cycle times affects the distnbution of the available capacity in such a way that less capacity is available for production and more capacity is spent on setting up. Consequently, even the regular demand level (which is likely to resume after the temporary spike) cannot be met. Restoring the original distribution of available capacity requires an increase of the cycle times (and in corresponding inventory levels). If the production run length of a single product is increased, a part of the extra products produced will be used to cover demand during the increased length of the cycle and the rest is used to restore the inventory level 'Ibis will eventually restore the service level again to its original level However, due to the increased production run length of a single product, production of all other products needs to be postponed. Overall, this situation will lead to a considerable period of time during which an excessive fraction of demand may not be filled.
In fact, in the situation descnbed above short·term interests (flexibility) dominate over long.term interests (total throughput and profit). A policy aimed at short·term results will focus on realizing a high service level on any short·term demand. However, this influences considerably the distnbution of capacity. More ,specifically, it reduces the fraction of capacity available for production. Due to the high demand levels, this will lead to long periods with unfilled demand and influence considerably the long· term profitability of the firm. Therefore, under the assumption that the firm's objective is to maximize its long-term profit, we hypothesize that it is a sufficient condition for maximizing profit in a highly utilized single-machine production system with large set-up times is to keep cycle times stable (Fransoo 1992) .
Under a stable cycle times policy, the variance of cycle time for each product, over time, is low. When the product cycle times are kept stable, it will enable minimizing the amount of capacity expended on set-up and thus increase productive use of capacity. 'Ibis, in turn, will enhance the coordination between long-term tactical plans and short-term operational decisions.
However, a problem might occur, if the actual demand for individual product(s) is consistently different from the average rates used for long-term planning. When the demand level is greater than anticipated and the cycle time is held stable, the excess demand is lost and the service level decreases. Note that in this case there is no loss of productive capacity since run-lengths are not decreased. On average, the length of the production run will equal the order-up-to level minus the expected inventory at the end of the cycle. However, due to demand variations, the production run may be shorter in some instances, and longer in others. When the demand level ( is less than anticipated and the cycle time is held stable, however, inventory can increase in an , uncontrolled fashion. It may be necessary to correct for this, by adjusting the batch size (and, ( perhaps, the cycle time) if and only if the aggregate inventory rises above a pre-set upper limit.
( 9 Thus, it is clear that operating under a regimen of stable cycle times will reduce cycle time variance and, in tum, will increase productive capacity.
When a smale facility committed to producing multiple products is facing a very high level of aggregate demand (close to its capacity), profit maximization is achieved. only when the available capacity is allocated judiciously. In fact, in such situations production scheduling concerns two interrelated issuea: (1) to distnoute capacity between products and (2) to optimize capacity expended in set-up. Clearly both decisions should be based on the long-term objective of profit maximization. In our two-tiered hierarchical model both these issuea are addressed, from a long-term perspective, at the top level At the bottom level the model strives to maintain the integrity of implementation, in the short-term, while being sensitive to day-to-day fluctuations in demand.
The objective at the top level of the hierarchical model is to determine the valuea of the system parameters in such a way that the expected relevant profit is maximized, considering tbe service level requirements. The service level requirements are the management constraints on tbe service level. When cycle times are stable, the performance of the system is determined by two parameters: cycle times and target inventory levels for each product H product cycle times are . increased, the probability that the available inventory level is insufficient to fiU the demand will increase. This will affect both the service levek and the profit The target inventory level is defined as the level which determines the lot size (i.e., the lot size equa1s the target inventory level minus the actual inventory level). Therefore, the target inventory level is a parameter.
Normally, this level will not be reached, since demand is likely to be fiUed during the production run. Increasing the target inventory level of a product will not only increase the service level for that individual product (thus increase its contribution to profit) but also lead to an increase in inventory cost.
At the top level, our hierarchy explicitly considers these trade-offs in distnouting capacity between products and for set-up so as to maximize the profit Even though the focus here is on the long term, and the short-term demand dynamics are ignored, it is important to recognize that such dynamics will have an impact on implementation. The short term dynamics are addressed at the bottom level: operational scheduling.
Next, we descn"be both levek of the hierarchy in more detail in the next two subsections.
3.1 Description of the top level: Capacity Coordiaation. The purpose of the top level is to set the system parameters (cycle time and target inventory level). These system parameters determine the distribution of the available capacity over 10 , \ productive capacity and set-up capacity. Productive capacity is defined as the fraction of capacity which is available for production; set-up capacity is defined as the fraction of capacity available for setting up. Additionally, the distnoution of the productive capacity over the various products is determined. To identify this function of the top level, this level is called Capacity Coonlination.
In this section, a nonlinear programming model will be presented for the capacity coordination problem. This model attempts to maximize the long run expected profit subject to management specified minimum service level requirements. It represents the behavior of the single machine under the assumption of (a) stable cycle times (i.e., at the operationaIlevel, cycle times are more or less constant and demand which cannot be met from inventory is lost) and (b) Iotsizing using the target inventory level. The target inventory level of product i is indicated by 1;*. The target cycle time of product i (T; J is the cycle time which results if at each production run the selected product is produced up in a lot size which equals the target inventory level minus the inventory level at the start of the run. For each product, the target cycle time is a function of the target inventory level, as is the target service level. Moreover, each product sh~!lI~.J:)f;
produced according to an integer multiple of a basic cycle (analogous to the approach by Doll and Wbyb-;k-(i973».~~N~~·;ga1;·-thai·~th;·"·~le·n~;_~ our approach do not lead to a predetermined, deterministic schedule. Instead, they are used as control parameters for the procedure, at the bottom level, which actually determines the schedule at the operational level, given the most recent available information on the inventory position. This justifies using a straightforward cycle time determination, since the characteristics that more complex scheduling approaches consider, are captured in our model at the operational level. The control parameters to be decided upon at this decision level then are, for each product, the· target inventory level It and the integer multiple kio The relation between the target cycle time, the target inventory levels and the integer multiples is expressed in equation (1). = partial expectation function according to Brown (1963) The target cycle time T; * is an integer multiple (k;) of a basic cycle time. The target cycle time is comprised of the production runs of each product (rationed according to the respective k/s) and the set-up time of each product (rationed in the same way). This cycle time formula balances productive capacity and set-up capacity. The length of the production run is determined by the difference between target inventory level and actual inventory level at the start of a new production run. The expected inventory level at the start of a new production run is the same as the expected inventory level at the end of the cycle time. It is a function of the target inventory level, the target cycle time and the demand rate of a product. This function is based on the partial expectation function (Brown 1963, p. 371) . This is explained in more detail in the Appendix. Note that equation (1) controls the allocation of capacity. Furthermore, since T i • appears on both sides of the equation, an iterative procedure is needed to solve it, given the k i and It values.
Given the target inventory levels, the expected service levels can be determined. The service level is defined as the fill rate, i.e. the portion of demand that is filled out of stock. Note that any demand that is not filled out of stock gets lost (no backordering). We define the e:x:peaed fill rate of a product i as the fill rate that is expected for product i, given the characteristics of demand (mean and variance), the target cycle times, and the target inventory levels. An expression for the expected fill rate (EFRi) is presented in equation (2).
Equation (2) shows that the expected fill rate is computed by deducting the fraction of demand that will not be delivered (on average) from 1. H we know the expected fill rate, the target inventory level, and the target cycle time, we can determine the expected profit per period. The expected profit consists of the expected contribution minus the expected inventory holding and set-up cost. The expected profit is represented in expression (3). It is obvious that the fraction of demand that is expected to be filled determines the contn"bution (first term of the equation). At this level of aggregation, we estimate the average inventory as the mean of the highest and the lowest expected inventory positions. The highest inventory position is the target inventory level, reduced by the demand during the production run. The lowest inventory position is the inventory level at the end of the cycle (just before the start of a new production run). The expected inventory position at the end of the cycle has been determined using Brown's partial expectation function in the complementary form as has been done in the Appendix (equation (AS». Fmally, the set-up cost is directly related to the target cycle time (which is proportional to the reciprocal of the set-up frequency).
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Equations (1), (2) the approximate optimal setting of the parameten. Obviously, the objective function is very complex. The function is non-linear in its decision variables Ii· aDd kit and also the interaction between each of the product cycle times and inventory levels is complex.
Since this model is an approximation, modeling errors are made. In this respect, a number of characteristics of the operational system behavior are not modeled in the approximate model. FlISt. the aggregate model supposes a completely fixed schedule. In reality, however, the cycle times will vary a little bit (due to the fact that the run lengths are not fixed) and the sequence may vary (depending on the sequencing rule which is being used). This will lead to different service levels, inventory levels and set-up costs. Second, the inventory pattern will not behave like a linear function. Fmally, at the operational level the orden are accepted on a day-to-day basis, while the approximate model assumes demand on a continuous time scale. However, since detailed modeling of the real system behavior is impossible, we have to rely on an approximate model. Thus we should examine the "fit" of this model to -reality", This especially refen to the relevant profit and the individual product service levels. The quality of the approximate model in this respect will be referred to as the internal validity of the model.
The objective function is maximized subject to a service level constraint. It is important that some management-specified minimum service level is guaranteed for each product. This decision should be taken at the strategic decision level and should be a constraint for the tactical decision descnbed in this section~ A minimum service level is realistic from a business point of view. If it did not exist. it might be possible that for some product(s) -especially those with a small contribution margin -no demand will be accepted during the year. In that case, it is unlikely that the product would be part of the product mix of this firm. Although, it may be tempting to increase the price of low margin items, given that the aggregate demand rate exceeds the production rate, often stiff competition precludes this option. The firm is forced to continue to offer low margin items in order to obtain orden for its high margin items. In order to achieve a feasible production schedule, it is necessary that the minimum service level can be met within the capacity constraints. These service level constraints are represented in equation (4). Formally, the capacity coordination problem can now be stated as follows.
Problem CC: Maximize (3) subject to (4). (5) The capacity coordination problem aims to determine the cycle times and the distnbution of the available capacity over the product range. The model considers the cost structure of the various products, the capacity they consume, and the demand distribution of each of the products. The model also takes into account the differences in target service levels due to the fact that some 1 i -, are larger than some djTi·s. The aggregate model furthCi·assumes that at the bottom level cycle times are kept stable by determining the batch quantity as the difference between the target inventory level and the actual inventory level Conceivably other operational procedures can be implemented than the one assumed in this aggregate model Due to the complexity of the problem, a heuristic is proposed to find a solution. This heuristic will be presented in Section 4. The operational scheduling level has to perform two functions, namely production sequencing (which is the next product to be produced?) and production lot-size determination ' (what is the production quantity?). The objective of these functions is not to optimize some function but to control the detailed system behavior such that the expected fill rates are realized, and, consequently, the expected profit is realized. Therefore, the following operational scheduling procedure has been designed:
The products are produced in a fixed sequence, taking into account the integer multiples.
(b) A product is produced in the quantity, resulting from the difference between the target inventory level and the actual inventory level at the start of the production run, which enables some reacting to short·term demand variations.
In this way, stable cycle times will be realized (Fransoo 1992) , while reactions to short term demand fluctuations are still possible in a limited way (mix variations during a cycle). Note that although the above procedure is simple, it strives maintain the schedule stable as per the assumption made at the top level in deriving the cycle times and target inventory levels.
Capacity CooniiDatiOD Heuristic. [ [ t\
In this Section, we present a heuristic procedure, called CCH, for solving the capacity coordination problem descn"bed earlier in Section 3.1.
A rough analysis of the objective function of problem CC indicates that equation (3) has a maximum. At some combination of target inventory 1eveJs, an increase in inventory would lead to an increase in holding costs which exceeds the increase in expected contnDution. At the same combination of inventory levels, a reduction in inventory would lead to a reduction in inventory holding cost which is less than the reduction in expected contnDution. The function value around the maximum, however, is expected to be rather flat, since many combinations of the individual target inventory levels may generate about the same result.
Given target inventory levels and ki' values, the objective function value can be easily found. The integer multiples can be determined by minimizing the total cost for a given fill rate. Using these two observations, a heuristic has been constructed. This heuristic is presented below.
The basic idea of the CCH heuristic is to allocate some capacity to a product, then compute the corresponding optimal cycle times. Given the cycle times and the allocated capacity (represented by the target inventory level), the expected profit (which is defined as the gross contnDution minus the inventory holding and set-up costs) can be determined. H the allocation of capacity results in a profit increase, some capacity can again be allocated to a product. Each time capacity is allocated, the ratio of productive capacity and set-up capacity is increased. The product to which capacity is allocated is selected based on the expected contnDution. H the increase in profit over a number of i.terations drops below a predefined critical value, the heuristic stops.
CCH Heuristic:
Step 1. For all i: kf=l
Step 2. For all i: Set It. so tbat EFR j = (Xi
Step 3. Based on the actual value of It. compute Tt. for all i, according to equation (1).
Step 4. Detennine the integer multiples according to tbe 1M procedure presented below (steps A-D).
Step 5. If any of the multiples bave been changed in Step 4, then adjust It. for all i, so tbat all EFR; remain unchanged.
Step It. Calculate the expected profit according to expression (3).
If the increase in profit during the last {J iterations is less than y, then STOP.
Step 7. Of all i, determine t, for whicb is maximum
Step 8. //:=1/+1.00 to step 3.
In step 1, all k; are set at 1. This is necessary to be able to calculate the EFR/s for the initial inventory IeveJa in step 2.
In step 2, initial inventory levels are determined such that the minimum requirements set by the management are satisfied. The expected fill rate (EFR;) formula has been deduced from Brown's partial expectation function and has been explained above. According to Brown (1963) . the expected quantity short -given a certain inventory level -is the partial expectation value of that inventory level, multiplied by the standard deviation.
In step 3, the current value of the target inventory level and the integer multiples are used to determine the corresponding target cycle times using equation (1) In step 4, the integer multiples with the lowest cost are determined using the 1M heuristic descn"bed below. It adapts the fU'St four steps of Doll and Whybark's heuristic (1973) .
1M Heuristic:
Step A.
Determine T; independently for eacb product by:
Step B.
Select the smallest 1'; as tbe initial estimate of tbe fundamental cycle time T:
T=min(T;)
Step C. Determine the integer multiple k i e and k; + for eacb product defined by:
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Step D. The 1M procedure is exactly the same as Doll and Wbybark's first four steps, except for the fact that the demand rate is replaced by the expected fill rate times the demand rate. Note that Doll and Wbybark's approach is aimed at a deterministic situation in which all demand will be filled. The situation modeled in this study is characterized by stochastic demand of which only a certain portion will be filled. We use a part of their procedure to determine the integer multiples. The actual length of the cycle in their procedure is also based on cost minimization, while a more capacity oriented determination of the cycles is appropriate in this case. As discussed before, the traditional ELSP procedures sometimes lead to a shorter cycle time with higher demand levels, whereas a longer cycle time is required.
In step 5, the heuristic checks whether any of the multiples has changed in the previous step. If so, then the Ii-'S must be adapted so that the expected fill rates remain the same. In general, the increase in inventory is less than proportional to the increase in k;, since the coefficient of demand variation is smaller over longer time intervals.
In step 6, the expected profit is calculated and compared to the calculated profit in the previous iteration. Since the function is rather flat around the maximum, the procedure is stopped if the increase in profit is less than yip. Determining this criterion is a strategy-related issue of the company. If this ratio is set very large, a lower overall fill rate with less investment in inventory is obtained (high return on investment). If the ratio is set very low, a higher overall fill rate is reached at the expense of an increase in inventory. In this last case, the profit may be hardly different from the profit with a low ratio, but the ROI will be much lower. Note that a considerable increase in target inventory level will be needed to increase the service level marginally, since the tail of the demand distribution function needs to be considered. The target cycle time will not be increased extremely, because the extra quantity to be produced each cycle is only marginal; due to the small increase in fill rate, most of the extra inventory will be left at the end of the cycle.
In step 7, the product which has the greatest expected contn'bution per unit of capacity for the next unit stocked (increase of 1/) is selected. The target inventory level of the selected product is increased by one unit.
In step 8, the target inventory level of the product that was selected in the previous step. is increased by 1. After this, the heuristic continues with step 3, where the cycle times are recalculated with the new value of one of the target inventory levels. When the heuristic is finished, it provides the operations manager with the target inventory levels and the corresponding target cycle times.
ExpeI'imeatai Tests.
As mentioned in Section 2, the literature is replete with scheduling policies which handle more or less different versions of the problem compared to the one addressed in this paper. The existing methods, however, are not capable of coping with very high cumulative demand rates (relative to production rate), in combination with stochastic demand. Of the policies reported in the literature, the variable cycle times based procedure developed by Leachman and Gascon (1988) has been shown to be the most successful one. Our present work extends their policy in two major ways. These extensions enable the policy to perform under very high demand levels. First, our policy not only determines target cycle times (in the top level of the hierarchical model-
• capacity coordination phase), but also simultaneously selects target service levels. Second, our policy strictly enforces the principle of stable cycle times (at the operational level -bottom level of the hierarchical model), as descnbed earlier. These two extensions are captured in a hierarchical planning system with an embedded heuristic to determine the system parameters based on profit maximization subject to capacity restrictions and minimum service level requirements. Profit maximization is used since lost sales result in reduced contn'bution to profit.
A cost minimization approach would not be able to fully capture this effect.
The research questions rising from the design of our hierarchical procedure refer to these two extensions. These questions are:
Is it better to keep the cycle times stable than to vary them in the short run, and how does this depend upon the aggregate demand level?
Given a policy of stable cycle times, does the approximate model which serves to determine these cycle times adequately capture the real system behavior, and, therefore, is it suitable to determine those cycle times with this model?
We carried out extensive simulation experiments to investigate the performance of our hierarchical prcx::edure with respect to these two research questions. The experiments involved five items produced on a single machine. Demand was generated on a period by period basis and drawn from a normal distnbution. The ratio of the cumulative demand and the available capacity varied from about 80 to 105% not counting set-up time. Set-upctimes were independent of sequence. 1\vo performance measures were used. The first one was the relevant profit, defined as the net contribution of the sold products minus the costs for set-up and inventory. The second performance measure was the fill rate of each of the individual products. Both performance measures can be calculated from the aggregate model (as an estimate) and from the actual simulation. The similarity between the estimate and the actual values served as a performance measure for the quality of the aggregate model Three sets of tests were performed.
In the first set of tests, a stable cycle times poJicy (SCI) without capacity coordination was compared to a variable cycle times policy (VCI) based on the heuristic by Leachman and Gascon (1988) . The results of these tests show that scr produces considerably greater profits compared to vcr when the cumulative demand level exceeds 85% of the available capacity. scr outperforms vcr by 9.1% to 12.1%. As the demand level is decreased, relative to capacity, the performance of vcr improves, which supports the observations by Gascon et aL (1992) .
In the second set of tests, the internal validity of the hierarchical model (thus including capacity coordination) was investigated. The results demonstrate that both the relevant profit (as expressed in equation (3» and the distnbution of capacity over the various products are well controlled by the hierarchical procedure. This means that the actual capacity allocation in the stochastic, lost sales environment closely resembled the target allocation in the aggregate deterministic model, based on profit considerations. The difference between the estimated relevant profit and the actual relevant profit ranged from 0.2% to 22%. This is important from a practical point of view, since this will enable the operations manager to determine targets at a tactical decision level which will be realized if the hierarchical procedure with stable cycle times is used.
In the first two sets of tests, only the demand level was varied in order to analyze the performance of the various prcx::edures in detail. In order to obtain more general conclusive results, a third set of tests was performed, comparing the hierarchical prcx::edure and the variable cycle times heuristic under many different operating conditions, including variations in demand level, demand variance, demand distribution, set-up times and contnbution margins of the various products. The utilization levels (ratio of customer demand and capacity) varied from 91.7 to 100%.
The results were analyzed using ANOV A in a randomized block design. Significance, taking profit as the performance measure, was obtained at the 0.005 level On average, over all 180 observations, the actual profit under the proposed hierarchical procedure was 22% more than the profit realized under the vcr policy.
DJscussioa 01 the hierarchy
The model presented in this text is a two-tiered hierarchical model. The hierarchical approach used in the development of this model has some specific characteristics. We refer especially to the setting of the control parameters at the upper level and the more myopic view at the operational decision level. In this section we will analyze the hierarchical structure of the model presented in this text. In this analysis, some of the insights provided by SchneeweiS (1993) and Bertrand et aL (1990) will be used.
FIrSt, let us consider the top level of the model. The top level decides on the control parameters of the system (target inventory level and target cycle time). There is however a difference in the nature of each of these control parameters. The target inventory level decision is a jinIll decision, i.e., it has a direct consequence for the physical production system. The production system always produces up to the target set by the capacity coordination function. The decision on the target cycle time is however not final, since this cycle time will not be realized exactly by the production system. In line with Schneewei6 (1993), we call this decision factual, i.e., once the decision is taken by the top level, it is a fact for the bottom level and has to be taken into account in its own decision process.
The top level takes its decision based upon an aggregate model of the bottom level. This aggregate model consists of equations (1) to (4). An aggregate representation may be used, if the steady state performance of the detailed model is the same as the steady state performance of the aggregate representation (Chandy et aL 1975) . In the design of the hierarchical procedure presented in this text, this consistency has been tested by a series of simulation experiments. In these experiments, performance measures were evaluated for the aggregate and the detailed models (such as profit, individual product service levels and cycle times).
In the aggregate model, some detailed information is not included. First, there is an aggregation concerning the modeling of time. In the aggregate model, time buckets are not distinguished and only rates (for demand and production) are considered., while in the detailed model at the bottom level time periods are distinguished and individual events (order arrivals, setups, etc.) are considered. Secondly -and an extension of the time aggregation -, there is an aggregation of the demand process. Demand is modelled as normally distributed demand over the cycle time. This is more or less independent of the actual demand process. To illustrate this, let us suppose the actual demand process follows a Poisson distribution. Since only the demand during the cycle time influences the performance of the system, we may use the characteristic that 20 the Poisson distnoution -and a number of other distnoutions -approximates the normal distnoution if it is accumulated over a certain time period. Obviously, this aggregation is only valid if the cycle time is sufficiently long. Thirdly, the interactions between the products are not modeled at the aggregate level. At that level, it is assumed that it will be possible to maintain the individual product cycle times at the detailed level Since these cycle times are intended to serve as a target for the lower level, this assumption consists of two premises of the bottom level decision procedure. The first premise is that the objective of the bottom level is to minimize the difference between the actual cycle times and the target cycle times (the tlobjective function" of the bottom level). As mentioned in the previous section, the performance of a number of possible decision procedures has been evaluated in order to determine the decision procedure at the bottom level This evaluation was based upon the difference between the target (cycle times and service levels) determined by the top level and the actual realization. The second premise of the bottom level is that it accepts lost sales, i.e., demand gets lost if it cannot be delivered from the actual inventory. Backordering of demand is not allowed.
Thus, in the aggregate model, the lower level decision and the primary process are represented.
It is anticipated what will be the expected reaction of the bottom level. All decisions of the bottom level (sequence and Iotsize) take effect in the object system and are -by definition -final (Scbneewei.8 1993) .
The consistency exposed here is important in the design of the decision procedures. The aggregate model is based upon a number of assumptions about the bottom level behavior. These assumptions are however in the design process used as premises in the design of the detailed model, leading to consistency in the planning and control hierarchy. The use of these consistency requirements in the design process is in line with the methodology presented by Bertrand et aL (1990) .
CoDclusions.
We presented a two-tiered hierarchical approach for scheduling production in multi-item single machine systems, facing very high levels of stochastic demand. Additionally, different contnoution margins for each of the products are considered. At the top level, the proposed model embeds a profit maximizing capacity coordination heuristic for determining system parameters (Le., target cycle times and inventory levels) in the long-term, subject to capacity and service level constraints. The heuristic strictly enforces a stable cycle times policy and determines inventory targets. At the bottom level, the proposed model implements a fixed, order up-to sequencing regimen in the short term. Extensive simulation tests comparing the proposed approach to a policy which varies the cycle times indicates the superiority of the stable cycle times policy in terms of total profit and fill rate, at the high demand levels.
The results appear to validate the internal consistency of the proposed approach in that the actual profit and fill rate performance results, from the simulation tests, are extremely close to the estimated values using the model. This result is noteworthy because it enhances the practical usefulness of the model for tactical decision making.
The central aspects of the mode~ stable cycle times and fixed sequences, are being implemented in a glass container manufacturing company. The initial results are very encouraging.
A couple of possible extensions can be suggested. In some cases it may be necessary to distinguish between classes of customers, in terms of sales volume. Thusly the two-tiered model can be extended to incorporate a capacity rationing level. The proposed model assumes a perfect market for the products and, hence, may be extended to handle the case where profit margins depend upon the customer, rather than the product. Since the function E(k) is related to the standard normal density function p(t), Figure A1 or/(Tt)E(k) is the expected quantity short over the cycle time T; *. The expected inventory level at the start of a new production run (which is at the end of the cycle time) is:
This is the expected value of the hatched area in Figure A2 . 
